Introduction
Neutrophils are constitutively committed to apoptosis from the time they enter the circulation (1) (2) (3) . The rate at which they undergo apoptosis is delayed by inflammatory products, such as lipopolysaccharide, interleukin-8, leukotriene B 4 , and GM-CSF (4, 5) . This delay of neutrophil apoptosis results in enhanced host defense, however, inappropriate delay of neutrophil apoptosis is associated with generalized inflammation and multi-organ failure of the systemic inflammatory response syndrome (6, 7) . The mechanisms by which inflammatory products delay neutrophil apoptosis are incompletely understood.
Characterization of signal pathways that regulate apoptosis have identified phosphoinositide 3-kinase (PI-3K) as a transducer of survival signals. The serine/threonine kinase, Akt, is a major target of PI-3K. Akt is present in the cytosol of unstimulated cells in a terminated by boiling. This in vitro phosphorylated recombinant Hsp27 (25 ng) was added to 20 µl glutathione sepharose-coupled GST or GST-AKT to perform GST pull-down assays.
Subcloning Hsp27 and Akt into GST fusion vectors.
To create GST fusion proteins, Akt-wt was excised from pUSEAktwt (Upstate Biotechnology Incorporated) with restriction enzymes BamH1/Pme1 and ligated into BamH1/Sma1 sites of pGEX-4T-2 (Pharmacia). Hsp27 was excised from pcDNA3.1Hsp27wt with restriction enzymes EcoR1/Xho1 and ligated into EcoR1/Xho1 sites of pGEX-5X-2 (Pharmacia). All positive clones were confirmed by DNA sequencing.
were pelleted by centrifugation. The supernatant was discarded, and cells were washed twice with phosphate buffered saline supplemented with 0.1% sodium azide and 0.2% BSA. The cells were resuspended in 0.02 M sodium acetate buffer (pH 5.8) and mixed gently by vortexing.
Cells were filtered through a cheese cloth and the cells were transferred into 75 x 100 polypropylene tubes. The percentage of FITC-antibody inside the cell was determined by flow cytometry and calculated using the following formula:
% of FITC-antibody inside the cell=(A-bgr/B-bgr) x 100% (38, 39), where A is the mean fluorescence after trypan blue quenching, B is the mean fluorescence measured in 0.02M sodium acetate buffer, and bgr is the background fluorescence of control neutrophils.
Introduction of Recombinant Akt and anti-Hsp27 into Neutrophils.
Protein transfection reagent BioPORTER was used to transfect constitutively active recombinant Akt and anti-Hsp27 antibody according to the manufacturer's protocol.
BioPORTER reagent was dissolved in 250 µl methanol. Five µl BioPORTER suspension were aliquoted and allowed to air dry for 3-4 hrs in the laminar flow hood. Anti-Hsp27 antibody alone (14.5 µg), or anti-Hsp27 antibody and constitutively active recombinant Akt (1 µg) were added to the dried BioPORTER. This mixture was incubated for 5 min at room temperature. The tubes were vortexed gently for 3-5 seconds at low speed. Neutrophils (1.6 x 10 6 /100 µl in KRPD)
were added and incubated for 4 hrs at 37°C with shaking. After 4 hrs, the neutrophils were pelleted and transferred to eppendorf tubes and washed in cold Krebs+. The cells were washed and resuspended in 300 µl of binding buffer (10 mM Hepes/NaOH, pH 7.4, 150 mM NaCl, 5 mM KCL, 1 mM MgCl 2 , 2.5 mM CaCl 2 ) and assayed for Annexin V binding assay.
Annexin V Binding
Neutrophils were incubated with 10 µl FITC-labeled ApopNexin at room temperature for 15 min in the dark. Cells were washed twice with binding buffer by centrifugation at 400 X g, then resuspended in binding buffer at a concentration of 1 x 10 6 /ml. Two hundred µl neutrophil cell suspension were placed in an 8 well confocal chamber and viewed by confocal microscopy or were transferred into 75 x 100 polypropylene tubes and fluorescence determined by flow cytometry.
Results

Akt Interacts Directly with Hsp27
We reported previously that several members of the p38 MAPK signal transduction pathway, including p38 MAPK, MAPKAPK-2, and heat shock protein 27 (Hsp27), coimmunoprecipitates with Akt from neutrophil lysates (21). Stimulation by chemoattractants resulted in dissociation of Hsp27 from this complex. Hsp27 is known to associate with and be phosphoryated by MAPKAPK-2 (40). These observations suggested that Hsp27 association with the Akt signaling module resulted from direct interaction with MAPKAPK-2, not with Akt. To define the protein-protein interactions within the module, the ability of recombinant Hsp27 to bind Akt directly was determined by a GST pull-down assays. Recombinant Hsp27 was incubated with glutathione sepharose coupled to GST or GST-Akt. Figure 1A shows an immunoblot of this precipitate for Hsp27 demonstrating that recombinant Hsp27 bound to GSTAkt (lane 2), but not to GST alone (lane 1). To confirm this interaction, recombinant Akt was precipitated with glutathione sepharose coupled to GST or GST-Hsp27. Figure 1B shows that recombinant Akt bound to GST-Hsp27 (lane 2), but not GST alone (lane 1). In each case equivalent amounts of recombinant protein were added, as shown in lane 3. These results indicate a direct in vitro interaction between Hsp27 and Akt.
Akt Phosphorylates Hsp27
The ability of Akt to directly interact with Hsp27 suggested the possibility that Akt The absence of phosphorylation of Ser-15 and Ser-78 shows that MAPKAPK-2 was not active in these transfected cells.
Phosphorylation of Hsp27 Regulates Association with the Akt Signal Module
We showed previously that Hsp27 dissociated from the Akt complex following neutrophil stimulation with chemoattractants (21), suggesting that Hsp27 phosphorylation might regulate interaction with Akt. To test this hypothesis, HEK 293 cells were transiently transfected with pcDNA3.1-Hsp27 constructs containing wild type (Hsp27-wt), Hsp27-3A in which Ser-15, 78, 82 were mutated to alanines, or Hsp27-3D in which all three serine residues were mutated to aspartic acid. Hsp27-3A acts as a phosphorylation dead mutant, while Hsp27-3D acts as a phosphorylation-mimicking mutant. At 24 hr cells were lysed, and the lysate subjected to a GST-Akt pull-down assay. The precipitated proteins were subjected to immunoblot analysis with anti-Hsp27 antibody (figure 4A, panel 2). Increased Hsp27 binding to GST-Akt was observed in cell lysates from Hsp27-wt and Hsp27-3A transfected cells. The similar amounts of Hsp27 precipitated by GST-Akt in vector and Hsp27-3D transfected cells was attributed to endogenous Hsp27. Precipitated proteins were also subjected to immunoblot analysis for Akt to ensure that equal amounts of GST-Akt sepharose beads were added to each lysate (figure 4A, panel 1). Post-transfection cell lysates were also subjected to immunoblot analysis for Hsp27. 
Disruption of Akt-Hsp27 Interaction Results in Loss of Akt Activation
The ability of Hsp27 antibody treatment to disrupt the interaction between Akt and Hsp27 allowed us to determine the role of Hsp27 in activation of Akt kinase. Neutrophils were incubated in the presence or absence of anti-Hsp27 or isotype control antibodies for 2 hrs prior to stimulation with 1 µM fMLP. Cell lysates were subjected to an in vitro immunoprecipitation kinase assay for Akt activity using histone H2B as substrate. The phosphorylated protein bands were quantitated by a densitometer. The controls were normalized to one and results were expressed as mean arbitrary densitometry units ± SEM for 3 separate experiments. Figure 6A shows that fMLP stimulated a significant increase in Akt activity in untreated and isotype antibody loaded neutrophils. On the other hand, loading neutrophils with anti-Hsp27 antibody 
Disruption of Akt-Hsp27 Interaction Enhances Neutrophil Apoptosis
The requirement of Hsp27 for Akt activation suggested a possible mechanism by which Hsp27 regulates apoptosis. Therefore, we examined the effect of disrupting the Hsp27 interaction with Akt on constitutive neutrophil apoptosis. Neutrophils were loaded with antiHsp27 or isotype control antibodies for 4 hr at 37°C, after which apoptosis was assessed by annexin V binding and electron microscopy. Figure 7A shows that introduction of anti-Hsp27 into neutrophils resulted in a significant increase in Annexin V binding, while no binding was observed in cells loaded with isotype control antibody. By electron microscopy typical features of apoptosis, including membrane blebbing and nuclear condensation, were seen in anti-Hsp27 
Discussion
The present study describes a novel mechanism for Hsp27 regulation of neutrophil apoptosis and provides the first description of Hsp27 regulation of a kinase-signaling module.
We reported previously that Akt formed a stable complex with components of the p38 MAPK cascade, including p38 MAPK, MAPKAPK-2, and Hsp27, in human neutrophils (21).
Stimulation by chemoattractants or immune complexes resulted in Akt activation, which was and Ser-9, was not examined.
To establish the effect of phosphorylation on Hsp27 association with Akt, we used Hsp27 mutants in which Ser-15, Ser-78, and Ser-82 were converted to alanine or aspartic acid.
Expression of these mutants showed that wild type and Hsp27-3A (Ser-15 To determine if anti-Hsp27 and isotype control antibodies were internalized or attached to the surface of neutrophils, antibodies were FITC-conjugated and incubated with neutrophils at 37°C for 4 hrs followed by incubation with 0.02% trypan blue at room temperature for 30 min.
Trypan blue is a non-penetrating dye for viable cells that quenches fluorescence of extracellular Figure 8
